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SUMMARY 
Experiments were conducted t o  d e t e r m i n e  t h e  e f f e c t  o f  a v e n t u r i  n o z z l e  
on t h e  p e r f o r m a n c e  o f  a s i m p l e x  p r e s s u r e - a t o m i z i n g  i n j e c t o r  i n  a s w i r l i n g  
a i r f l o w .   I n   a d d i t i o n ,   t h e   w a t e r   s p r a y   d r o p l e t   S a u t e r  mean d iameter  
was measured w i t h  and w i t h o u t  t h e  v e n t u r i  and c o r r e l a t e d  w i t h  o x i d e s  o D P  
n i t r o g e n  (NO,) d a t a  o b t a i n e d  f r o m  a p r e v i o u s  i n v e s t i g a t i o n  u s i n g  a s i m i l a r  
c o m b u s t o r   t e s t   c o n f i g u r a t i o n .  The   wa te r   p ressu re   d i f f e ren t i a l   ac ross   t he  
i n j e c t o r  was v a r i e d  f r o m  0.386 t o  1.158 megapascals,  and t h e  t o t a l  a i r  
p r e s s u r e  d r o p  a c r o s s  t h e  s w i r l e r  was 3 percent .  The water   spray was s t u d i e d  
a t  ambient  emperature  (293 K )  and  atmospheric  pressure.  Using a v e n t u r i  
n o z z l e  i n c r e a s e d  t h e  r e l a t i v e  a i r  v e l o c i t y  and  reduced 03 ; thus, i n  a 
combustor, the NOx emiss ion index ( N O x E I )  w o u l d  a l s o  b e  r e  5 uced.  The r a t i o  
N O x E I /  0 3 ~ ) ~  v a r i e d   d i r e c t l y   w i t h  e u i v a l e n c e   r a t i o  cp and c o n s t i t u t e d  
a s i n g  \ e c o r r e l a t i o n   o f   d a t a   o b t a i n e  1 w i t h  and w i t h o u t   t h e   v e n t u r i .  
INTRODUCTION 
Emiss ions of  gas turb ine engine combustors  have been the subject  o f  many 
s t u d i e s  and programs  (e.g., r e f s .  1 and 2 ) .  The s tudy  of re ference 3 
add ressed  the  ques t i on  o f  em iss ions  and t h e  a d v e r s e  e f f e c t  h i g h  o x i d e s  o f  
n i t r o g e n  (NO,) c o n c e n t r a t i o n s  may have on the  env i ronment  and t h e  need f o r  
a c o n t i n u e d  e f f o r t  t o  r e d u c e  NO, emissions. One r e c e n t  e f f o r t  was conducted 
and  repor ted i n   r e f e r e n c e  4. I n   t h a t   e x p e r i m e n t ,  NO, concent ra t ions   were  
m e a s u r e d  f r o m  t h r e e  d i f f e r e n t  t y p e s  o f  f u e l  i n j e c t o r s  i n s e r t e d  i n  an a i r  
swi r ler :   s implex  pressure-atomiz ing,   sp lash-grooved,  and sp lash -p la te  
i n j e c t o r s .   A l s o ,  NO, measurements  were  taken when a v e n t u r i   n o z z l e  was 
i n s t a l l e d  w i t h  t h e  i n j e c t o r s .  The NO, em iss ions   were   s ign i f i can t l y   reduced  
when a v e n t u r i   n o z z l e  was used.   S ince  a tomizat ion  data  were  lack ing,  i t  was 
i m p o s s i b l e  t o  t e l l  w h e t h e r  t h e  improvement was  clue t o  f i n e r  a t o m i z a t i o n  o r  
more r a p i d  m i x i n g  o f  t h e  f u e l  s p r a y  and t h e  s w i r l i n g  a i r f l o w .  
Other  exper iments  a t  the  NASA Lewis  Research  Center  have u t i l i z e d  a 
s c a n n i n g  r a d i o m e t e r  t o  m e a s u r e  d r o p l e t  s i z e  o f  w a t e r  j e t s  ( r e f s .  5 and  6). 
I n  t h e  work o f  r e f e r e n c e  7, a rad iomete r  was used t o  measure mean d r o p  s i z e  
o f  f i v e  d i f f e r e n t  t y p e s  o f  s w i r l  b l a s t  f u e l  i n j e c t o r s  w h i c h  had p r e v i o u s l y  
been  used t o  o b t a i n  NO, emiss ion  data.  The mean drop   d iameter   o f   the  
d r o p l e t s  was t h e n  r e l a t e d  t o  t h e  NOx emission  index  (NOxEI)  by  the 
e m p i r i c a l   r e l a t i o n  N0,EI = D2 (where Dm i s  mean d r o p   s i z e )   a t   c o n s t a n t  
i n l e t  a i r  p r e s s u r e  and e q u i v a y e n c e  r a t i o .  I n  a d d i t i o n  t o  t h i s  e m p i r i c a l  
r e l a t i o n ,  t h e  r a t i o  N O x E I / D i  was used t o  show how pr imary-zone  mix ing 
m i g h t   e x p l a i n  N O x E I  d l f f e r e n c e s   o b t a i n e d   w i t h   d i f f e r e n t   f u e l   i n j e c t o r s .  
r e l a t e  N0,EI t o   S a u t e r  mean diameter  (D3 ) w i t h  and w i t h o u t  a v e n t u r i  
n o z z l e  a t  c o n s t a n t  e q u i v a l e n c e  r a t i o  9. ? he exper imenta l   da ta  and f u e l  
i n j e c t o r  c o n f i g u r a t i o n  employed i n  r e f e r e n c e  4 were  used i n  t h e  p r e s e n t  
study. I n  o r d e r  t o  b e t t e r  u n d e r s t a n d  t h e  d a t a  r e p o r t e d  i n  r e f e r e n c e  4, 
water   spray D32 v a l u e s   f o r   t h e   s i m p l e x   i n j e c t o r  were  measured w i t h  and 
w i t h o u t  t h e  v e n t u r i ,  s i n c e  t h i s  t y p e  o f  c o n f i g u r a t i o n  g a v e  t h e  l o w e s t  NO, 
e m i s s i o n s   o f   t h e   s i x   c o n f i g u r a t i o n s   t e s t e d .  The same a i r  s w i r l e r  and 
ventur i   were  used.  Combustor t e s t  c o n d i t i o n s  were  s imulated t o  measure 
e q u i p o l l e n t   s p r a y   d r o p l e t  D32 va lues.   These  spray  droplet  D 2 data  were 
t h e n  c o r r e l a t e d  w i t h  t h e  equivalent NO, e m i s s i o n  i n d e x  f r o m  r e  ? erence 4. The 
r a t i o   N O , E I / ( D ~ Z ) ~  was t h e n   c a l c u l a t e d   t o   a s c e r t a i n   w h e t h e r   t h e   v e n t u r i  
a f fec ted  sp ray  a tomiza t i on  and /o r  m ix ing .  
Thus t h e  p r e s e n t  i n v e s t i g a t i o n  was under taken  w i th  a s i m i l a r  a p p r o a c h  t o  
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C o r r e l a t e d  d a t a  o f  t h i s  n a t u r e  a r e  needed t o  p r e d i c t  how t h e  a t o m i z a t i o n  
c h a r a c t e r i s t i c s  o f  a f u e l  i n j e c t o r  a r e  a f f e c t e d  b y  p e r i p h e r a l  h a r d w a r e  s u c h  as 
a v e n t u r i   n o z z l e .   A l s o ,   t h e   t e c h n i q u e   o f  p r e d i c t i n g  D32 and N O x E I  va lues 
b y  u s i n g  w a t e r  i n s t e a d  o f  f u e l  r e d u c e s  t i m e  and c o s t  o f  c o m b u s t o r  t e s t i n g .  
Water i s  r e a d i l y  a v a i l a b l e  and has  the  advantage  of   being  nonf lammable.  
Even though water has a s u r f a c e  t e n s i o n  t h r e e  t i m e s  g r e a t e r  t h a n  J e t  A, 
sur face  tens ion  e f fec ts  pose no  prob lem s ince  they  are  we l l  unders tood and 
can  be  accounted f o r  i n  p r e d i c t i n g  D32. 
The exper iment was conducted i n  an open-duct f a c i l i t y .  The Sauter  mean 
d i a m e t e r  o f  a water  spray was de termined a t  ambien t  tempera ture  (293 K )  and 
atmospher ic  pressure.  The w a t e r   p r e s s u r e   d i f f e r e n t i a l   a c r o s s   t h e   i n j e c t o r  
was v a r i e d  f r o m  0.386 t o  1.158  megapascals, and t h e  t o t a l  a i r  p r e s s u r e  d r o p  
a c r o s s  t h e  s w i r l e r  was 3 pe rcen t .  
APPARATUS AND PROCEDURE 
T e s t   F a c i  1 i t y  
A s c h e m a t i c  o f  t h e  t e s t  f a c i l i t y  i s  shown i n  f i g u r e  1. The i n j e c t o r -  
s w i r l e r  p a i r  was mounted  on a 0 .953-cent imeter - th ick  p la te  and i n s t a l l e d  o n  
a 15.24-cent imeter-diameter  p ipe.  Air was s u p p l i e d   b y   t h e   C e n t e r ' s   a i r  
sys tem wi th  a maximum t e s t  f l o w  r a t e  o f  0.227 k i logram per  second and a 
maximum t e s t  p r e s s u r e  o f  7 . 7 9 ~ 1 0 ~  p a s c a l s  a t  t h e  i n j e c t o r - s w i r l e r  l o c a t i o n .  
A s t a t i c - p r e s s u r e  t a p  was loca ted  about  22.5 c e n t i m e t e r s  u p s t r e a m  o f  t h e  
i n j e c t o r  and connected t o  a manometer  board  which was used t o  s e t  t h e  
p r e s s u r e  d i f f e r e n t i a l  a c r o s s  t h e  s w i r l e r .  
Wate r   f rom  the   c i t y   wa te r   sys tem was s u p p l i e d  t o  t h e  i n j e c t o r .  The 
w a t e r  l i n e  t o  t h e  i n j e c t o r  was i n s t a l l e d  i n s i d e  t h e  a i r  l i n e  w i t h  t h e  U-bend 
i n  excess o f  25 diameters upstream o f  t h e  s w i r l e r  t o  m i n i m i z e  any wake 
e f f e c t s .  
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Figure 2. - Air swirler. (Dimensions in centimeters. 1 Figure L -Test facility schematic. (Not to scale. I 
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F u e l   I n j e c t o r ,   S w i r l e r ,  and V e n t u r i  
The s imp lex  pressure-a tomiz ing  in jec to r  used was a Delavan  model 
WDA-4.0, h o l l o w  cone, w i t h  a 45O spray  angle.  A Delavan  model WDA-18.0 
i n j e c t o r  was used i n  r e f e r e n c e  4 and i n i t i a l l y  i n  t h i s  exper iment :   Th is  
p r e s s u r e - a t o m i z i n g   i n j e c t o r   a l s o   e m i t t e d  a h o l l o w  cone, w i t h  a 45 spray 
angle. The WDA 18.0 i n j e c t o r  was e l i m i n a t e d  f o r  t h e  r e a s o n s  g i v e n  i n  t h e  
RESULTS AND DISCUSSION. 
The s w i r l e r  i s  shown i n  f i g u r e  2. The 1 4   b l a d e s   a r e   i n c l i n e d  45O 
r e l a t i v e  t o  t h e  a i r f l o w  d i r e c t i o n .  The i n j e c t o r  and t h e  s w i r l e r  were 
considered as a p a i r  and r e m a i n e d  i n s t a l l e d  on t h e  p l a t e  t h r o u g h o u t  t h e  
exper iment.   Reference 4 r e p o r t s   t h e   v a l u e   o f   t h e   s w i r l e r  CdA as 5.94 
square  cent imeters  (where  cd i s   t h e   d i s c h a r g e   c o e f f i c i e n t  and A i s   t h e  
open swi r l e r   f l o w   a r e a ) .  
The m i x i n g  v e n t u r i  t h r o a t  a r e a  was 175 p e r c e n t  o f  t h e  s w i r l e r  f l o w  a r e a ,  
and t h e  l e n g t h  f r o m  t h e  s w i r l e r  f a c e  t o  t h e  t h r o a t  was 28 pe rcen t  of t h e  
v e n t u r i   t h r o a t   d i a m e t e r ,  as shown i n  f i g u r e s  3 and 4. The i n t e r i o r   s u r f a c e s  
o f  t h e  v e n t u r i  were  machined t o  a c h i e v e  a smooth f l o w  o f  a i r .  F i g u r e  4 
shows t h e  i n j e c t o r  and t h e  p l a c e m e n t  o f  t h e  v e n t u r i  w i t h  r e s p e c t  t o  t h e  a i r  
s w i r l e r .  
Drop Size Measurement 
The  measurement o f  032 was ach ieved   w i th  a Malvern S.T. 1800 P a r t i c l e  
and D r o p l e t   S i z e   D i s t r i b u t i o n   A n a l y z e r .   F i g u r e  5 shows t h e   v a r i o u s  
components o f   t h e  lv la lvern  instrument.  The Malvern   ins t rument  i s  a 
n o n i n t r u s i v e  o p t i c a l  s y s t e m  b a s e d  o n  t h e  F r a u n h o f e r  d i f f r a c t i o n  o f  a 
p a r a l l e l  monochromatic l i g h t  beam sca t te red   by   mov ing   d rop le ts .  The 
t r a n s m i t t e r  p o r t i o n  o f  t h e  M a l v e r n  i n s t r u m e n t  houses t h e  2 - m i l l i w a t t  
hel ium-neon  laser and beam expander,  which  emits an approx ima te l y  
9 -m i l l ime te r -d iamete r  beam. The r e c e i v e r   c o n s i s t s   o f  a f o c u s i n g   l e n s  
( F o u r i e r  t r a n s f o r m  l e n s ) ,  a m u l t i e l e m e n t  p h o t o e l e c t r i c  d e t e c t o r ,  beam 
alinement  knobs,  lamps, and an i n d i c a t o r .  A computer   wi th  an 8-K memory 
rece ives ,   s to res ,  and p r o c e s s e s   d a t a   i n p u t s   f r o m   t h e   d e t e c t o r .  A t e l e t y p e  
w i t h  a h a r d  c o p y  p r i n t e r  i s  used f o r  d a t a  o u t p u t .  
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(a) Without venturi nozzle. (b) With  venturi nozzle. 
Figure 3. - Venturi nozzle. (Dimensions in centimeters.) Figure 4 - Simplex pressure-atomizing injector test configurations. 
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Figure 5. - Particle and droplet size distribution analyzer. 
When a spray  c rossed the  beam, t h e  d i f f r a c t e d  l i g h t  r i n g  p a t t e r n s  o f  t h e  
d rop le ts   were  imaged o n t o   t h e   d e t e c t o r   p l a t e .  The o p t i c a l  s i g n a l  on t h e  
d e t e c t o r  p l a t e  was c o n v e r t e d  t o  an e l e c t r i c a l  s i g n a l  and f e d  i n t o  t h e  
computer memory. The computer  compared t h e  measured  energy d i s t r i b u t i o n  
w i t h  t h e  Rosin-Rammler c a l c u l a t e d  e n e r g y  d i s t r i b u t i o n  and p r i n t e d  t h e  o u t p u t  
on   t he   ha rd   copy   p r i n te r .   (The  Rosin-Rammler d i s t r i b u t i o n  i s  d e s c r i b e d  i n  
r e f .  8.) The o u t p u t   i n c l u d e d   t h e  peak  and w i d t h   ( s p r e a d )   o f   t h e   d r o p   s i z e  
d i s t r i b u t i o n ,  an e r r o r  v a l u e  w h i c h  d e s c r i b e s  t h e  c l o s e n e s s  o f  t h e  f i t  
be tween  the  ca l cu la ted  Rosen-Rammler and a c t u a l l y  measured d r o p l e t  
d i s t r i b u t i o n s ,  and t h r e e  d i f f e r e n t  breakdowns o f  t h e  s p r a y  d i s t r i b u t i o n s  b y  
percentage.   These  th ree   d is t r ibu t ions   were   cumula t ive   percent   by   we igh t ,  
normal ized   percent   by  number,  and p e r c e n t   b y   w e i g h t   f r a c t i o n .  The o u t p u t  i s  
d i scussed   i n   t he   append ix .  A more   comple te   descr ip t ion   o f   the   mathemat ics  
and d e t a i l s  o f  t h e  M a l v e r n  i n s t r u m e n t  o p t i c s  a r e  g i v e n  i n  r e f e r e n c e s  9 and 10. 
l a s e r  ( f i g .  5 )  and was used t o  p r e v e n t  d r o p l e t  d e p o s i t  on the   l ens .  Air 
f lowed th rough a copper  tube and i n t o  t h e  c y l i n d e r  t h r o u g h  e i g h t  e q u a l l y  
spaced holes on t h e  c i r c u m f e r e n c e  t o  m a i n t a i n  p o s i t i v e  p r e s s u r e  i n s i d e  t h e  
c y l i n d e r  and p r e v e n t   d r o p l e t   d e p o s i t i o n  on t h e   l e n s .   L a t e r  an aluminum 
cone was s u b s t i t u t e d  f o r  t h e  c y c l i n d e r  and used f o r  t h e  m a j o r i t y  o f  t h e  
exper iment.   (See  inset i n  f i g .  5.) The cone was an improvement  over  the 
c y l i n d e r  f o r  t w o  r e a s o n s .  F i r s t ,  t h e  c o n e  a l l o w e d  o n l y  enough  area f o r  t h e  
beam t o  p a s s  t h r o u g h ,  w h i l e  m i n i m i z i n g  t h e  e n t r y  o f  s t r a y  d r o p l e t s .  Second, 
p u r g e  a i r  was e a s i l y  r e g u l a t e d  a t  t h e  v e r t e x  o r i f i c e  so t h e  s p r a y  p a t t e r n  
was n o t  d i s t o r t e d  w h i l e  d r o p l e t s  w e r e  p r e v e n t e d  f r o m  e n t e r i n g  t h e  c o n e  and 
d e p o s i t i n g  o n  t h e  r e c e i v i n g  l e n s .  
I n i t i a l l y  a b l a c k  c y l i n d e r  was p o s i t i o n e d  o v e r  t h e  r e c e i v i n g  l e n s  o f  t h e  
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Test  Procedure 
Once t h e  i n j e c t o r - s w i r l e r  p a i r  was i n s t a l l e d ,  t h e  l a s e r  beam o f  t h e  
Malvern  ins t rument  was p o s i t i o n e d  so t h a t  t h e  s p r a y  was b i s e c t e d  and l o c a t e d  
i n  t h e  m e a s u r i n g  p o r t i o n  o f  t h e  beam ( s e e  f i g .  1). A hand-held l i g h t  m e t e r  
was used t o  measure  and r e c o r d   l a s e r  beam i n t e n s i t y .  L i g h t  i n t e n s i t y  was 
c h e c k e d  b e f o r e  t h e  f i r s t  t e s t  o f  t h e  d a y  t o  e n s u r e  c o n s t a n t  t e s t  beam 
i n t e n s i t y  f o r  t h i s  e x p e r i m e n t .  B e f o r e  and o c c a s i o n a l l y  d u r i n g  t h e  
experiment,  background and laser   a l inement   readings  were  checked.  The 
a l i nemen t  read ing  assu red  tha t  t he  beam and t h e  d e t e c t o r  p l a t e  r e m a i n e d  
a l i n e d   d u r i n g   t h e   e x p e r i m e n t .  The  background  reading  measured  any  ambient 
l i g h t  t h a t  f e l l  o n t o  t h e  d e t e c t o r  p l a t e  and was s u b t r a c t e d  f r o m  t h e  d a t a  
energy   s igna l  when t h e  d i s t r i b u t i o n  d a t a  were  analyzed. The computer was 
programmed t o  scan t h e  d e t e c t o r  p l a t e  1 0 0 0  t i m e s  and ave rage  the  resu l t s .  
The  t ime  invo lved  to  reco rd  1000  scans  o f  one  tes t  cond i t i on  was about 
7 seconds. Once t h e s e   p r e l i m i n a r y   s t e p s  were  completed,  purge a i r  was 
passed  ac ross  the  rece iv ing  l ens  to  p reven t  any  m inu te  d rop le ts  f rom 
accumulat ing on t h e   l e n s  and d i s t o r t i n g  t h e  s i g n a l .  A f i n a l   b a c k g r o u n d  
r e a d i n g  was t a k e n  w i t h  t h e  p u r g e  a i r  r e m a i n i n g  on f o r  t h e  d u r a t i o n  o f  t h e  
t e s t .  
The beam  was p o s i t i o n e d  5 cen t ime te rs  downs t ream o f  t he  i n jec to r  
o r i f i c e .  The d e s i r e d   a i r   p r e s s u r e   d i f f e r e n t i a l   a c r o s s   t h e   s w i r l e r  and t h e  
w a t e r  f l o w  r a t e  t o  t h e  i n j e c t o r  were  set .   Water  pressure  data  were  a lways 
t a k e n   i n   o r d e r   o f   i n c r e a s i n g   p r e s s u r e s .  Two d a t a  p o i n t s  were  taken f o r  each 
w a t e r   p r e s s u r e   s e t t i n g  and s t o r e d   i n   t h e   c o m p u t e r  memory. The v e n t u r i  was 
t h e n  i n s t a l l e d ,  and t h e  a i r  and w a t e r  f l o w  c o n d i t i o n s  were  repeated. 
T e s t  S i m u l a t i o n  
S i n c e  t h i s  r e p o r t  compares exper imenta l  data f rom a combustor  wi th  
those f rom co ld - f low water  exper iments ,  a c r i t e r i o n  c o m b i n i n g  t h e s e  t w o  
s e t s  of d a t a   i s   i m p e r a t i v e .  The approach  taken i n  r e f e r e n c e  7 t o  s i m u l a t e  
combustor t e s t  c o n d i t i o n s  was t o  use the same a i r s t r e a m  momentum, d e n s i t y  
t i m e s   v e l o c i t y ,   i n   b o t h   a m b i e n t   c o l d - f l o w  and combustor   tests .  However, 
t h e  a i r s t r e a m  momentum used i n  t h e  r e f e r e n c e  4 combustor  s tud ies was 
a p p r o x i m a t e l y  f o u r  t i m e s  g r e a t e r  t h a n  t h a t  a v a i l a b l e  f o r  t h i s  s t u d y .  A l s o  
t h e  s u r f a c e  t e n s i o n  o f  w a t e r  i s  a p p r o x i m a t e l y  t h r e e  t i m e s  g r e a t e r  t h a n  t h a t  
o f  t h e  f u e l .  The same t y p e  o f  i n j e c t o r  w i t h  t h e  same spray  angle was used 
f o r  b o t h  t e s t s .  The approach f o r  t h i s  t e s t  was t o  e q u a t e  l i q u i d - a i r  r a t i o s  
between t h e   t w o   i n j e c t o r s .   D i f f e r e n c e s   i n   l i q u i d  and i n j e c t o r   p r o p e r t i e s  
a r e  t a k e n  i n t o  a c c o u n t  b y  u s i n g  e q u a t i o n s  p r e s e n t e d  i n  t h e  n e x t  s e c t i o n .  
I n j e c t o r  s e l e c t i o n  i s  a l s o  d i s c u s s e d  i n  t h e  n e x t  s e c t i o n .  
RESULTS AND DISCUSSION 
The NOxEI  d a t a   r e p o r t e d   i n   r e f e r e n c e  4 were   ob ta ined  w i th  a 45" 
spray-angle  Delavan WDA-18.0 s i m p l e x   f u e l   i n j e c t o r .  To s i m u l a t e   f u e l  
a t o m i z a t i o n  i n  t h e  c o m b u s t o r ,  t h e  i n i t i a l  a p p r o a c h  was t o  use t h e  f u e l  
i n j e c t o r  WDA-18.0 f r o m  t h e  s t u d y  o f  r e f e r e n c e  4 and t e s t  b y  i n j e c t i n g  w a t e r  
i n t o   c o l d - f l o w   ( 2 9 3  K )  a i r s t reams .  A t  l o w   w a t e r   f l o w   r a t e s  and p ressu re  
d i f f e r e n t i a l s ,   a t o m i z a t i o n  was p o o r .   V i s u a l   o b s e r v a t i o n   i n d i c a t e d   t h a t   t h e  
spray angle was n o t  f u l l y  d e v e l o p e d  u n t i l  t h e  w a t e r  p r e s s u r e  d i f f e r e n t i a l  
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Injector 
m 0 WDA-4.0 
L' 
m 0 WDA-18.0 
.- 5 
P o  60 
v) 
m 
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.1 . 2  .4 .6 .8 1 2 
Water differential pressure, MPa 
Figure 6. - Comparison  of  Sauter  mean  diameter  of  water 
sprays  from  injectors WDA-18.0 and WDA-4.0 in st i l l  
air. 
0 No ventur i  
0 With  ventur i  
E o  100 
& 80 
c 
3 
.2 .4 .6 .8 1 
Water  differential  pressure, 
MPa 
Figure 7. - Comparison of water 
droplet  Sauter  mean  diameter 
for   in jector  WDA-40  wi th  and 
without  ventur i   at   swir ler   a i r -  
flow  pressure  drop of 3 percent. 
TABLE I .  - COMPARISON OF  WATER SPRAY AND COMBUSTION  TEST  CONDITIONS 
[ In jector  spray angle,  45*.] 
~ ~~~ 
Pressure I n j e c t o r  WDA-4.0; water  spray  tes ta  
. .  
d i f f e r -  
e n t i a l ,  Water mass 
mlsec glsec MPa 
ve loc i t y ,  r a t i o  f low ra te ,  AP, 
Water Water-air 
0.386 2.40 0.045 7.59 
.579  2.95 
11.89 .071 3.77 .965 
10.76  .064 3.40 .772 
9.30  .056 
1.158 4.13 .078  13.05 
a S w i r l e r   a i r  mass f l o w  r a t e ,  52.8 glsec. 
b S w i r l e r   a i r  mass f l o w  r a t e ,  271.0 glsec. 
I n j e c t o r  WDA-18.0; combust ion testb 
" -~ ~ 
Fuel mass 
f l ow  ra te ,  
g l  sec 
9.66 
11.84 
13.70 
15.24 
16.74 
Fue l -a i r  
r a t i o  
0.036 
.044 
.051 
.057 
.062 
Fuel 
ve loc i ty ,  
mlsec 
8.53 
10.61 
12.25 
13.66 
14.94 
" . 
Equivalence 
r a t i o ,  
cp 
0.528 
.646 
.749 
.837 
.910 
was p a s t  0.345 megapascal.  Thus i n j e c t o r  WDA-18.0 appeared t o  be 
i n c o r r e c t l y  s i z e d  f o r  t h e  c o l d - f l o w  e x p e r i m e n t .  
d i f f e r e n t i a l  on D32, as shown i n  f i g u r e  6. It can  be  observed i n  f i g u r e  6 
t h a t  b o t h  f u e l  i n j e c t o r s  a t  t h e  h i g h e r  w a t e r  d i f f e r e n t i a l  p r e s s u r e s  
conformed t o  t h e  g e n e r a l  r e l a t i o n  
I n j e c t o r  WDA-4.0  was t h e n  s e l e c t e d  t o  d e t e r m i n e  i t s  e f f e c t  o f  p r e s s u r e  
where -0.5 r e p r e s e n t s   t h e   s l o p e   o f  a g i v e n   i n j e c t o r .   ( R e f s .  11 and 12 
repo r t  va r ia t i ons  o f  t he  exponen t  be tween  -0.275 and -0.675, b u t  -0.5 i s  an 
acceptab le  and a c c u r a t e   e x p o n e n t   f o r   t h e s e   i n j e c t o r s . )  A -0.5 exponent 
cou ld  no t  rep resen t  the  case  when f u e l  i n j e c t o r  WDA-18.0  was opera ted  a t  
r e l a t i v e l y  l o w  v a l u e s  o f  w a t e r  p r e s s u r e  d i f f e r e n t i a l .  Thus t h e  same 
i n j e c t o r  as  used i n  r e f e r e n c e  4 c o u l d  n o t  be used a t  f l o w  r a t e s  b e l o w  
0.345.  The WDA-4.0 i n j e c t o r  was u l t i m a t e l y  c h o s e n  f o r  t h i s  e x p e r i m e n t ,  
s ince  it gave t h e  d e s i r e d  r a n g e  o f  l i q u i d - a i r  r a t i o s  c o r r e s p o n d i n g  t o  t h e  
f u e l - a i r  r a t i o s  i n  r e f e r e n c e  4, w h i c h  a r e  l i s t e d  i n  t a b l e  I .  F u r t h e r  
d i s c u s s i o n  on e v a l u a t i n g  f u e l  i n j e c t o r s  a p p e a r s  i n  t h e  a p p e n d i x .  
F i g u r e  7 shows t h e  e f f e c t  o f  w a t e r  p r e s s u r e  d i f f e r e n t i a l  o n  w a t e r  
d r o p l e t  D32 a t  a cons tan t   o ta l -p ressu re   d rop  o f  3 pe rcen t   ac ross   t he  
s w i r l e r ,  w l t h  and w i t h o u t  t h e  v e n t u r i .  W h i l e  t h e  u s e  o f  t h e  s w i r l e r  c h a n g e d  
t h e  shape o f  t h e  c u r v e  f r o m  t h e  b a s e l i n e  i n  f i g u r e  6, t h e  m o s t  s t r i k i n g  
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d i f f e r e n c e  was  how much t h e   v e n t u r i  had  reduced D3 and improved 
a tomiza t ion ,  as c o r r e c t l y  assumed i n  r e f e r e n c e  4. e his  improvement i n  
a t o m i z a t i o n  was a t t r i b u t e d  t o  t h e  s w i r l i n g  a i r  b e i n g  c o n f i n e d  i n  t h e  v e n t u r i  
and t h e r e b y   i n c r e a s i n g   a i r   v e l o c i t y   a t   t h e   v e n t u r i   t h r o a t .   W i t h o u t   t h e  
v e n t u r i ,  t h e  s w i r l i n g  a i r  q u i c k l y  d i v e r g e d  and was l e s s  e f f e c t i v e  i n  
a t o m i z i n g  t h e  l i q u i d .  F i g u r e  8 shows water   sprays   w i th  and w i t h o u t  t h e  
v e n t u r i .  The s p r a  i n  f i g u r e  8 ( b )  has  smal ler  and f i n e r   w a t e r   d r o p l e t s   t h a n  
t h a t  i n  f i g u r e  8 ( a f .  
of t h e   v e n t u r i   i n   r e d u c i n g   t h e  NO, emiss ion  index.  Thus, bes ides   improv ing  
a t o m i z a t i o n  o f  water   sprays ,   the   ven tur i   a lso   reduced NO, emiss ions.   Stated 
d i f f e r e n t l y ,  t h e  r e d u c t i o n  i n  NO, e m i s s i o n s  w i t h  t h e  u s e  o f  a v e n t u r i  i n  t h e  
combust ion   exper iment   o f   re fe rence 4 can be a t t r i b u t e d   t o   r e d u c e d  D32. I n  
re fe rence 12, an e m p i r i c a l   r e l a t i o n   f o r   d r o p   s i z e  D32 t a k e s   t h e   f o r m  
The NO, e m i s s i o n  d a t a  i n  f i g u r e  9 ( f r o m  r e f .  4 )  show t h e  e f f e c t i v e n e s s  
6,104 ,,0e6 V 0.2 h0.25 
D32 = AP004 
where 
D32 
(3 su r face   t ens ion ,  N / m  
V k i n e m a t i c   v i s o s i t y ,  m / sec  
ril mass f l o w   r a t e ,   k g / s e c  
Sauter  mean d iameter ,  pm 
2 
AP i n j e c t o r   p r e s s u r e   d i f f e r e n t i a l ,  Pa 
x- 
V 
m 
c .- 
L 
0 
v) 
V 
m .- 
5 
0 No ven tu r i  
Wi th   ven tur i  
Equivalence  ratio 
Figure 9. - Comparison of NO, emissions  from  injector WDA-18.0 with 
and without ventur i   ( f rom ref. 4). 
la1 Without  venturi. 
lbl With  venturi. 
Figure 8. - Water sprays from swirler and injector. 
tial  pmsrum. 0.690 megapascal. 
Airflw pressure drop, 3prcent: water differen- 
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Since  wa te r  was used i n  t h i s  e x p e r i m e n t  t o  s i m u l a t e  c o m b u s t o r  t e s t s  u s i n g  
f u e l ,  t h e  f o l l o w i n g  r e l a t i o n  was used t o  c a l c u l a t e  v a l u e s  o f  
f u e l   s p r a y s   f r o m  measured  va lues   o f   D3zYw  de termined  f rom  the  D32 w aE e r  for sprays:  the 
where 
VW 1 .39~10-  6 2  m /sec 
OW 7 . 2 5 ~ 1 0 - ~  N / m  
V f  1 . 3 5 ~ 1 0 ” ~  m2/sec 
O f  2.20~10-~ N / m  
o r  
D32,f = ‘32, w 
The   subsc r ip t s  f and w r e f e r   t o   f u e l  and wa te r ,   respec t i ve l y .  The f u e l  
and t h e   w a t e r   a r e   b o t h  assumed t o  be a t  a tempera ture   o f  285 K. Equa t ion  
( 3 )  t a k e s  i n t o  a c c o u n t  t h e  d i f f e r e n c e s  i n  p r o p e r t i e s  o f  f u e l  and water  as 
w e l l  as t h e  f l o w  number o f  t h e  i n j e c t o r  ( d e f i n e d  as l i q u i d  mass f l o w  r a t e  
d i v i d e d  b y  t h e  s q u a r e  r o o t  o f  t h e  l i q u i d  p r e s s u r e  d i f f e r e n t i a l  i/a). 
Equat ion ( 4 )  i s  a s i m p l i f i e d   f o r m  of equa t ion  (3 ) .  These   no rma l i zed   ra t i os ,  
i n  e q u a t i o n  ( 4 ) ,  m u l t i p l i e d  b y  t h e  e x p e r i m e n t a l l y  d e t e r m i n e d  v a l u e s  o f  
D32, were  used t o   c a l c u l a t e  D32,f f o r   t h e  combustor   test .  It may be 
note! t h a t  e v a p o r a t i o n  and conf inement  o f  burn ing i n  t h e  c o m b u s t o r  a r e  
f a c t o r s   t h a t  w e r e   n o t   i n c l u d e d   i n   t h e   c a l c u l a t i o n   o f  D32,f. C a l c u l a t i o n s  
us ing  these  no rma l i zed  ra t i os  were  made a t  t h e  same p r e s s u r e  d i f f e r e n t i a l  
a c r o s s   t h e   r e s p e c t i v e   i n j e c t o r s  so t h a t  aPf = A P ~ .  Th is   approach was used 
so t h a t  t h e  l i q u i d - a i r  r a t i o s  and f l u i d  i n j e c t i o n  v e l o c i t i e s  were  increased 
a t  t h e  same r a t e .  The t e s t  c o n d i t i o n s  f o r  b o t h  t h e  c o m b u s t i o n  and 
ambien t -p ressure   water   tes ts   a re  shown i n  t a b l e  I .  Tab le  I 1  shows t h e  
r e s u l t s   o f   c o r r e l a t i n g  computed D 2,f w i t h   e x p e r i m e n t a l   v a l u e s   o f  N O x E I  
( f r o m  r e f .  4) o b t a i n e d  w i t h  and wi 2 h o u t  t h e  v e n t u r i .  D i f f e r e n t i a l  p r e s s u r e  
and e q u i v a l e n c e  r a t i o  a r e  a l s o  shown. 
F i g u r e  10  combines t h e  NO, e m i s s i o n  i n d e x  d a t a  f r o m  f i g u r e  9 and 
computed  values o f  D32,f w i t h  and w i t h o u t   t h e   v e n t u r i   f r o m   t a b l e  11. 
T h i s  f i g u r e  c o n f i r m s  a g a l n  t h e  t h e o r e t i c a l  e f f e c t i v e n e s s  o f  t h e  v e n t u r i  
mounted  on t h e  i n j e c t o r - s w i r l e r  p a i r .  The da ta   were   recorded  a t  a s w i r l e r  
t o t a l - p r e s s u r e   d r o p   o f  3 percent .  On t h e  average, t h e   v e n t u r i   r e d u c e d  
d r o p l e t  D32,f b y   3 0   p e r c e n t   f o r   o p e r a t i o n   a t   t h e  same f u e l  f l o w  r a t e .  
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TABLE 11. - COMPARISON OF PREDICTED  SAUTER MEAN DIAMETER AND EXPERIMENTAL  NITROGEN 
OXIDE EMISSIONS WITH AND WITHOUT A VENTURI  NOZZLE 
Pressure 
Qf ent  i a1 , 
r a t i o ,  d i f f e r -  
Equivalence 
AP Y 
MPa 
0.386 
,837 .962 
.749  .772 
.646 ,579 
0.528 
1.158 .910 
Sauter mean 
diameter, 
D32,f3 
um 
100.6 
94.4 
83.2 
70.5 
66.1 
No ven tu r i  
g N02/k f u e l  
(aP 1 
5.80 5.73~10-4 
6.90  7.74 
8.15  11.77 
9.20 18.49 
10.05  23.00 
T I Sauter mean diameter, D32,f9 um 79.0 68.0 56.4 50.2 46.1 Wi th ventur i  N i t rogen ox ide emission  index, g N02/kg f u e l  (a)  NOXEI, 3.40 4.05 4.75 5.40 6.10 5 .45~  10-4 8.76 14.95 21.42 28.67 -1 
V r o m  r e f .  4. 
2o r 0 No ventur i  0 With  ventur i  T-4 I 
2 I I I I I I I  I 
20 40 60 80 100 200 
Sauter mean diameter, D32,f. urn 
Figure 10. - Comparison of theoretical  fuel 
droplet  Sauter  mean  diameter  and  theoret- 
ical NOx emissions  wi th  and  wi thout  ven- 
turi at  total-pressure  drop  across  swirler 
of  3  percent. 
0 No ventur i  
' Q With   ven tur i  -
4 6 8 10 
Equivalence ratio, (0 
Figure 11. - Comparison of spray 
mixing  wi th  and  wi thout  ven- 
turi when  atomization is nor- 
malized. 
F i g u r e  11 shows NOxEI / (D32, f )$   p lo t ted  as a f u n c t i o n   o f   e q u i v a l e n c e  
r a t i o  cp. The term  NOxEI/(D32,f) was used i n   t h e  work  of  reference 7 t o  
no rma l i ze  N O x E I  data  based  on  (D32,f)2 among t h e   f i v e  combustor  modules. 
The  NOxEI/(D  2,f)2  term was used  here t o   d e t e r m i n e  if the   ven tu r i   mproved  
m i x i n g  as we1 1 as a tomiza t ion .  The d a t a  f r o m  t a b l e  I 1  p l o t t e d  i n  f i g u r e  11 
f a l l  on  one l i n e .  I f  t h e  v n t u r i  had apprec iab l y   enhanced   fue l -a i r   m ix ing ,  
two  separa te  NO E I / ( D $ 2 9 f ) 5   d a t a   l i n e s ,   w i t h  and w i t h o u t   t h e   v e n t u r i ,   w o u l d  
be   d i s t i ngu ishabre .  T e r e f o r e  t h e  m a i n  e f f e c t  o f  t h e  v e n t u r i  was t o  
i n c r e a s e   t h e   s w i r l i n g   a i r   v e l o c i t y  and cause a decrease i n  D32. Though 
d a t a  s c a t t e r  i s  m i n i m a l  i n  f i g u r e  11, a ques t ion  remains  as t o  what 
mechanism  would  produce  mixing f o r  t h i s  c o n f i g u r a t i o n .  T h i s  i n d i c a t e s  t h e  
need t o  f u r t h e r  i n v e s t i g a t e  a t o m i z a t i o n  and m i x i n g  i n  c o m b u s t o r s  a t  v a r i o u s  
i n l e t  a i r  p r e s s u r e s  and temperatures. 
SUMMARY OF RESULTS 
An exper iment was conducted t o  d e t e r m i n e  t h e  e f f e c t  o f  a v e n t u r i  n o z z l e  
on t h e   S a u t e r  mean d iameter  D32 o f  a spray  produced  by a s implex 
p r e s s u r e a t o m i z i n g   i n j e c t o r   i n  a s w i r l i n g   a i r f l o w .   V a l u e s   o f  D32 f o r  
water   sprays   w i th  and w i t h o u t  a v e n t u r i  n o z z l e  were c o r r e l a t e d  w i t h  t h e  
ox ides  o f  n i t rogen   em iss ion   i ndex  N0,EI and e q u i v a l e n c e   r a t i o   d a t a  
r e p o r t e d  i n  a prev ious  combustor   exper iment .  Use o f  a v e n t u r i  w i t h  t h e  
s i m p l e x   i n j e c t o r  and a i r   s w i r l e r   d e c r e a s e d  D32 by   approx imate ly  30 pe rcen t  
a t  a t o t a l  a i r  s w i r l e r  p r e s s u r e  d r o p  o f  3 pe rcen t  and a 1 i q u i d - a i r  r a t i o  
range of 0.528 t o  0.910. This  improvement i n  a t o m i z a t i o n  was a t t r i b u t e d  t o  
t h e  s w i r l i n g  a i r  b e i n g  c o n f i n e d  i n  t h e  v e n t u r i  and i n c r e a s i n g  a i r  v e l o c i t y  
i n  t h e  v e n t u r i  t h r o a t .  
The  NOxEI/(D32 f ) 2  te rm  wh ich   no rma l i zed   t he  NOxEI  d a t a   w i t h  
c a l c u l a t e d   v a l u e s  oe (D32 f ) 2  v a r i e d   d i r e c t l y   w i t h   e q u i v a l e n c e   r a t i o  
and c o r r e l a t e d  t h e  d a t a  w i t h  and w i t h o u t  t h e  v e n t u r i .  It can, t h e r e f o r e ,  
be i n f e r r e d  t h a t  t h e  v e n t u r i  a c t e d  p r i m a r i l y  t o  i m p r o v e  a t o m i z a t i o n  b y  
i n c r e a s i n g   r e l a t i v e   a i r   v e l o c i t y  and thus   decreas ing  D32 and t h a t   t h e  
v e n t u r i  d i d  n o t  c o n t r i b u t e  t o  f u e l - a i r  m i x i n g .  Thus, u s i n g  a v e n t u r i  w i t h  a 
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pressure-atomizing  injector-swirler  pair  enhanced  spray  vaporization and 
decreased N0,EI. 
Lewis  Research  Center, 
National  Aeronautics and Space  Administration, 
Cleveland,  Ohio,  January 15, 1982. 
APPENDIX - EVALUATION OF WDA-18.0 AND WDA-4.0 
FUEL  INJECTOR  CHARACTERISTICS 
D r o p l e t  S i z e  and D i s t r i b u t i o n  
An example o f  t h e  o u t p u t  f r o m  t h e  M a l v e r n  P a r t i c l e  and D r o p l e t  S i z e  
D i s t r i b u t i o n  A n a l y z e r  i s  shown i n  f i g u r e  12.  The f i r s t  l i n e  o f  o u t p u t  i s  
the  peak PE, w i d t h  W, and e r r o r  E o f   t h e   d i s t r i b u t i o n .  The f i r s t  two 
c o e f f i c i e n t s   a r e   d i s c u s s e d   l a t e r .  The e r r o r  E i s  a r e l a t i v e   e r r o r  number 
d e s c r i b i n g  t h e  a c c u r a c y  o f  c u r v e  f i t  be tween  the  ca l cu la ted  Rosin-Rammler 
and a c t u a l l y  m e a s u r e d   d r o p l e t   d i s t r i b u t i o n s .  The f i r s t  column  gives 
m a t h e m a t i c a l l y  d e t e r m i n e d  d i v i s i o n s  o r  " b i n s "  o f  d r o p l e t  s i z e  r a n g e s  i n  
micrometers. The n e x t   t h r e e   c o l u m n s   a r e   t h e   s p r a y   d i s t r i b u t i o n s  as p e r c e n t  
w e i g h t  f r a c t i o n ,  c u m u l a t i v e  p e r c e n t  b y  w e i g h t ,  and normal ized  percent   by 
number dens i t y .  The l a s t   t w o   c o l u m n s   a r e   t h e   c a l c u l a t e d  and a c t u a l l y  
measured  energy  d i s t r i bu t i ons .  
PE and W. The s i m p l i f i e d  Rosin-Ramm e r   e x p r e s s i o n  i s  The Df2 c a n  e a s i l y  be c a l c u l a t e d  f r o m  
where r i s  t h e  t a b u l a t e d  gamma f u n c t i o n .  
Mass F l o w  R a t e  a s  F u n c t i o n  o f  P r e s s u r e  D i f f e r e n t i a l  
One p r e l i m i n a r y  m e t h o d  t o  d e s c r i b e  f u e l  i n j e c t o r s  was t o  p l o t  t h e  l i q u i d  
f l o w  r a t e  a g a i n s t  t h e  l i q u i d  p r e s s u r e  d i f f e r e n t i a l ,  as shown i n  f i g u r e  13. 
T h i s  p l o t  shows t h e  e f f e c t  o f  w a t e r  and J e t  A w i t h  WDA-18.0. A l s o  p l o t t e d  
a r e  d a t a  f o r  WDA-4.0 showing i t s  c h a r a c t e r i s t i c s  compared w i t h  WDA-18.0. 
F low number can be s i m p l y  c a l c u l a t e d  f r o m  t h i s  p l o t .  T h e r e f o r e  an adequate 
b a s i c  d e s c r i p t i o n  o f  t h e  f u e l  i n j e c t o r s  i s  p r o v i d e d  b y  f i g u r e s  6 and  13. 
> PE= *82.0 Y =  t2.5 E' 
D= 1362.86 > 1261.71 r: 
D: 1261.71 > tt60.29 r: 
D= ,160.29 > t112.86 P= 
D= t 1 1 2 . 8 6  > t84.19 P =  
D= t84.29 > 164.57 P= 
D= r64.57 > 150.29 P= 
0- 150.29 > i38.86 P: 
01 130.86 > 130.29 P= 
D= t30.29 > r23.71 P= 
D= t23.71 > t18.57 P= 
n= +18.57 > 114.57 P= 
D= t14.57 > tll.43 P= 
D= i11.43 > *9.14 P= 
0: t9.14 > i 7 . 1 4  P= 
D= 17.14 > 15.71 P: 
= 00033222 
tO.OO1 R: 
10.481 R =  
121.421 R =  
110.361 R: 
123.421 R =  
t16.811 R *  
t11.19I R: 
+6.372 R: 
r3.562 R =  
rl.992 R: 
41.092 R =  
rO.601 R =  
$0.311 R =  
+0.191 R =  
tO.101 R =  
Figure 12. - Example of output fl 
size  distribution analyzer. 
t100.002 N= tO.001 C: 0438 A =  0388 
t99.521 N =  10.001 C= 0665 A =  0713 
t89.161 N =  t0 .171 C= 0982 Ai 1070 
+65.741 N Z  tl.041 C *  1328 A =  1385 
142.322 N =  t2.412 C= 1694 A *  1627 
t14.322 N- i5.371 C= 2044 A*  2047 
+25.512 N =  t3.771 C: I951 A =  lV31 
r7.962 HI +6.551 C= 1901 b= 2015 
t 4 . 4 0 1  N =  17.681 C' 1663  A= 1805 
+1.321 N =  t10.171 C =  I153 A= 1123 
+0.721 N: t11.601 C= OV38 A =  0892 
+0.411 N =  t12.041 C *  0749 )I= 0682 
t0.221 N =  rl4.991 C *  0589 A= 0515 
tO.131 N =  +15.281 C= 0458 A= 0440 
r2.412 N =  +n.931 c: 1405 n= 1 4 4 8  
?om Malvern particle and droplet 
.002 - '/ctor 0 (kglsec) 0.0205 185 I h W i  WDA-18.0  WDA-18.0 Water  liquid Jet Test A * OO4 
0 .0045 WDA-4 0 Water 
.001 I I I I I I I I I  
. 1  . 2  . 4  .6 . 8  1 2 
Liquid pressure differential. A P ,  MPa 
Figure 13. - Calibration curves  for  injectors WDA-18.0 
and WDA-4.0 in still  air. 
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D r o p l e t  Number D e n s i t y  
F i g u r e  1 4  compares WDA-18.0 and WDA-4.0 i n  t e r m s  o f  d r o p l e t  number 
densi ty .   These  in jectors   had  comparable   droplet  number d e n s i t i e s   i n   t h e  
range o f  i n t e r e s t ,  39 t o  160 micrometers.  
0 
16 - 
c c 
I% 12- 
E 
.- 25 
s 
2 
5 
z 8- 
E 
v) 
c 
n 
4- 
0- 
5.7- 
7.1 
0 
0 
0 
B 
Injector 
0 WDA-4.0 
0 WDA-18.0 
0 
0 
0 
0 0  
0 0  
O O  
0 
€3 
0 
0 
_I. 1 -~ 1 I I 1 1 1 1 1 1 8 dJ dJ 
7.1- 9.1-  11.4-  14.6-  18.6-  23.7 3O.3 38.9 50.3 6 4 6  8 4 3  1129 160.3 261.7 
9.1 11.4 14.6  18.6 2 3 7  30.3 3 8 9  X 3  6 4 6  84.3 112.9 160.3 261.7 5629 
Droplet size, prn 
Figure 14 - Comparison of droplet number density for injectors WDA-18.0 and WDA-4 0. Water pressure differential, 0.690 megapas- 
Cal. 
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